The paper presents the development of flank wear model in turning hardened EN 24 steel with PVD TiN coated mixed ceramic insert under dry environment. The paper also investigates the effect of process parameter on flank wear (VBc). The experiments have been conducted using three level full factorial design techniques. The machinability model has been developed in terms of cutting speed (v), feed (f) and machining time (t) as input variable using response surface methodology. The adequacy of model has been checked using correlation coefficients. As the determination coefficient, R 2 (98%) is higher for the model developed; the better is the response model fits the actual data. In addition, residuals of the normal probability plot lie reasonably close to a straight line showing that the terms mentioned in the model are statistically significant. The predicted flank wear has been found to lie close to the experimental value. This indicates that the developed model can be effectively used to predict the flank wear in the hard turning. Abrasion and diffusion has been found to be the dominant wear mechanism in machining hardened steel from SEM micrographs at highest parametric range. Machining time has been found to be the most significant parameter on flank wear followed by cutting speed and feed as observed from main effect plot and ANOVA study.
Introduction
Hard turning is found to be an effective technology and has an advantage over traditional grinding process in recent years. For successful implementation of hard turning, tool wear study is essentially required for achieving higher machinability and economic feasibility. Hard turning is defined as turning steel of hardness 45HRC and above. Automobile makers have started to use hard turning for semifinished and finished transmission shafts, axles, and engine components, while aircraft manufacturers have applied the technology to the production of flap gears, landing struts and aerospace engine components (Tönshoff et al., 1995) . Traditionally, grinding has been a preferred method for machining materials with hardness greater than 50 RC. Grinding consumes at least five times more energy per metal removal than cutting. Therefore cutting is more energy efficient than grinding. In recent years, hard machining of steel parts hardened to about 60HRC performed by both mixed ceramic and CBN tools became very popular and effective technology replacing successively grinding operations. Substantial reduction of manufacturing cycles, manufacturing costs, decrease of set up time, achievement of comparable surface finish, elimination of environmentally harmful coolant observed in hard turning has made this a preferred choice over grinding in many applications. Sahin and Motorcu (2008) indicated that the feed rate was found out to be dominant factor on the surface roughness, but it decreased with decreasing cutting speed, feed rate, and depth of cut in turning AISI 1050 hardened steels by CBN cutting tool. The RSM predicted and experimental surface roughness values were found to be very close. developed mathematical model for surface roughness using RSM. Feed was the dominant factor determining the surface finish followed by nose radius and cutting velocity in finish hard turning of the bearing steel AISI 52100 using mixed ceramic inserts. Though, the effect of the effective rake angle on the surface finish was less, the interaction effects of nose radius and effective rake angle were considerably significant. In an experimental study of Lalwani et al. (2008) , depth of cut was found to be the dominant contributor to the feed force in turning hardened MDN250 steel (50 HRC) using coated ceramic tool. In the thrust force and cutting force, feed rate and depth of cut contributed more. studied the machinability evaluation of austenitic Hadfield steel in the hard turning using Al 2 O 3 /TiC mixed ceramics tool (70% Al 2 O 3 , 30%TiC) for flank wear and surface roughness.
Cutting speed and interaction effect of feed rate with nose radius of tool was the main factors influencing the flank wear. For surface roughness, the most influencing factor was the cutting speed and the tool corner radius. Aggarwala et al. (2008) investigated the power consumption in hard turning of AISI P-20 tool steel (32-36 HRC) using TiN coated carbide insert with Taguchi's and RSM technique. Cryogenic environment was the most significant factor in minimizing power consumption followed by cutting speed and depth of cut. The effects of feed rate and nose radius were found to be insignificant. RSM technique was found to be better than Taguchi's method. Ozel and Karpat (2005) developed regression and ANN models in finish hard turning of AISI H13 steel for surface roughness and tool wear. Decrease in the feed rate, better was the surface roughness but slightly faster tool wear development. Increasing cutting speed resulted in significant increase in tool wear development but resulted in better surface roughness. Increase in the workpiece hardness resulted in better surface roughness with higher tool wear. More et al. (2006) investigated CBN-TiN composite-coated carbide inserts for hard turning of AISI 4340 steel (53 HRC). The flank wear was mainly due to abrasion in the machining of hardened AISI 4340 steel. The crater wear of the CBN-TiN coated inserts was found to be less than that of the PCBN inserts because of the lubricity of TiN layer. The coated inserts produced good surface finish and yielded a tool life of 18 min. The machining cost reduction was found for cBNTiN coated carbide tools compared to PCBN tools. developed mathematical model for flank wear and surface roughness in hard turning using coated carbide insert and correlated for its significance. It shows the high correlation between the experimental and predicted values. From ANOVA table, it is evident that, feed is the significant factor affecting surface roughness followed by cutting speed. For flank wear, cutting speed is the most significant factor followed by depth of cut. Feed is found to be insignificant for flank wear. investigated the performance of coated carbide insert in machining D2 steel using response surface methodology and high correlation was established with this proposed methodology. optimized multi-responses in machining hardened steel using grey based Taguchi method. It is evident that experimental results have been greatly improved through this approach. developed the Al/SiCp(10% weight) metal matrix composite through a conventional casting process and studied its machinability characteristics in turning using multilayer TiN coated carbide insert under dry environment based on Taguchi's L 9 orthogonal array. Abrasion is found to be the dominant wear mechanism from the experimental study. Yong Huang et al. (2007) suggested that abrasion, adhesion and diffusion primarily govern the CBN tool wear in hard turning.
Models have been proposed to predict the flank and crater-wear propagation and evaluate the relative importance of each wear mechanism. Performance of CBN tools while machining 100Cr6 has been studied in detail by Yallese et al. (2009) . The authors recommend a cutting speed range of 90-220m/min in which the tool-work combination yields a good result in terms of wear, roughness and temperature at chip-tool interface. The authors also have detected significance of radial force and feed rate in this paper. Tamizharasan et al. (2006) proposed that as an alternative to grinding, the hard turning produced better surface finish, lower flank wear rate and high material removal on the selected crank pin material by low content CBN tool. Thamizhmanii and Hasan (2008) concluded that the surface roughness was low by CBN at high cutting speed but the flank wear was high during machining stainless steel (45-55 HRC). The surface roughness was high for PCBN tool than CBN tool and flank wear recorded was low for PCBN tool than CBN tool. The CBN tool was unable to withstand heat at cutting zone and hence more flank wear occurred than PCBN tool. More crater wear formed on PCBN tools where as CBN tool produced less crater wear. The formation of crater wear on the rake face was due to rough surface of saw tooth chips. Quiza et al. (2008) found that the neural network model performed better to make accurate predictions of tool wear than regression model in hard machining of D2 steel (60 HRC) using ceramic cutting tools. Ozel et al. (2007) found that neural network model was suitable to predict tool wear and surface roughness patterns for a range of cutting conditions in finish hard turning of AISI D2 steels (60 HRC) using ceramic wiper (multi-radii) design inserts. developed RSM model using CCD in the hard turning using uncoated Al 2 O 3 /TiC mixed ceramics tool for flank wear and surface roughness. Flank wear was influenced principally by the cutting speed and the interaction effect of feed rate with nose radius of tool. The cutting speed and the tool corner radius affected surface roughness significantly. Basak et al. (2007) carried out the optimization of a finish hard turning process for the machining of D2 steel with ceramic tools using neural network models to predict the surface roughness and tool wear as functions of cutting speed, feed, and machining time and found suitable to choose the appropriate process parameters. Cemal Cakir et al. (2009) Cutting speed was the significant parameter on surface roughness and power consumption, while feed and depth of cut did not substantially affect the responses. Paiva et al. (2007) studied alternative hybrid approach combining response surface methodology (RSM) and principal component analysis (PCA) to optimize multiple correlated responses in turning of AISI 52100 steel with mixed ceramic tool. The approach was adequate where the multiple responses exhibited some correlation. A second-order model proved more appropriate. Sahoo and sahoo (2012) some machinability studies on flank wear, surface roughness, chip morphology and cutting forces in finish hard turning of AISI 4340 steel using uncoated and multilayer TiN and ZrCN coated carbide inserts at higher cutting speed range. The process has also been justified economically for its effective application in hard turning. Al-Ahmari (2007) developed machinability models for tool life, cutting force and surface roughness using response surface methodology and ANN in machining austenitic AISI 302 steel. ANN model was found to be better than regression model and RSM model. In addition, RSM models were found to be superior to regression model for predicting tool life and cutting force. Thangavel and Selladurai (2008) applied fractional factorial approach on the surface roughness during turning EN24 steel by uncoated carbide insert and developed mathematical model using RSM. The depth of cut did not affect the surface roughness. The tool nose radius and feed rate affected the surface roughness significantly. The most significant interactions were found between feed and nose radius. Singh and Kumar (2007) developed mathematical models of tool life and surface roughness for turning EN24 steel with TiC coated carbide. RSM model was found suitable. studied the turning of hardened AISI 4340 steel (47 ± 1 HRC) using coated carbide inserts (TiN/TiCN/Al 2 O 3 /ZrCN) under dry environment. Abrasion is found to be the dominant wear mechanisms in hard turning. The mathematical model shows high determination coefficient and fits the actual data well.
Thus, the objective of the present work has been set to have a machinability study to evaluate the performance of PVD TiN coated mixed ceramic inserts under varying parameter of machining hardened EN24 steel (50 HRC) under dry environment in context of evolution of flank wear. The mathematical model has been developed for prediction of flank wear using response surface methodology and correlated for its significance. The response contour plots have been analyzed to find out the best optimal combination of cutting parameters for minimum flank wear in machining.
Experimental details

Workpiece
To comply with the objectives of the research, the workpieces was taken in the form of round bars of diameter 45 mm, 200 mm length EN 24 medium carbon low alloy high strength steel (50 HRC). The heat treated samples were cleaned by removing the hardened outer skin by machining to get the required diameter. The end faces were turned. Typical applications are for highly stressed components of large cross section for structural use such as aircraft landing gear, power transmission gears and shafts, automotive and general engineering application such as propeller shafts, connecting rods, gear shafts and crankshafts, landing gear components, heavy roughing such as rotary shafts and discs etc.
Machine tool
The machine tool used was a high rigid CNC lathe (AMS, India) having maximum spindle speed of 3500 rpm and power of 16 KW with Sinumeric controller.
Cutting inserts
In tests, PVD TiN coated mixed ceramic insert (Al 2 O 3 + TiCN) of ISO designation CNGA 120408 SO3030, grade A66N (80 0 diamond shaped insert) mounted on a PCLNR2525 M12 tool holder has been employed for experimentation (Fig.1) . The insert with tool holder has the nose radius of 0.8 mm and major cutting edge angle or approach angle of 95 0 with back rake angle of -6 0 .
Fig.1. Image of cutting insert
Experimental design
Experimental design is an important engineering tool for improving the process and provides information concerning which factors is most influential one. In the study, a full factorial design (3 3 ) of experiment (DOE) has been used to be effectively investigated. The independent variables in the study were the cutting speed, feed and machining time with three levels each. The dependent variable is flank wear of inserts. This comprises of total 27 runs. The cutting parameters and their levels are shown in 
Measurement
Flank wear has been measured by using Nikon profile projector (V10 AD) and scanning electron microscope (JEOL, JSM, 6390LV, Japan). The criteria of flank wear is taken as VBc = 0.3 mm and measured at tool nose corner. As the depth of cut (0.2 mm) is less than the nose radius (0.8 mm), the tool wear occurred in the vicinity of nose corner only.
Experimental results and discussions
The experimental results are shown in Table 2 . It has been observed that the flank wear evolution was steady without any premature failure and remains within recommended limit of 0.3mm when cutting is performed with ceramic inserts under entire range of cutting speed-feed-machining time combinations. The flank wear value increases with increasing cutting speed, feed and machining time. No chipping or catastrophic failure is observed during machining of hardened EN 24 steel with PVD TiN coated mixed ceramic inserts under dry environment. However, at extreme parametric conditions, the flank wear value is observed to be higher compared to other parametric ranges. Abrasion and diffusion has been found to be dominant wear mechanism from SEM micrograph (Fig. 2) . The abrasion wear may be attributed due to the friction phenomenon at the interfaces combined with high pressure which are the result of the interaction between machined material hardened phases and the components of tool. By increasing cutting speed, interface temperature rises quickly and softens the tool material resulting diffusion mechanism (favours chemical reaction) to be active. The combination of these two mechanisms accelerates wearing process. The tool tip is not able to bear the abrasive action of the chip; the heat generated and consequently fails at faster rate. The tool tip SEM micrographs in Fig. 2 clearly depict the condition of the tool for extreme parametric conditions (v = 150 m/min, f = 0.15 mm/rev and t = 20 min). 
Response surface model
Response surface methodology (RSM) is a collection of mathematical and statistical techniques (Montgomery, 1997) that are useful for the modeling and analysis of problems in which output or response is influenced by several input variables and the objective is to find the correlation between the response and the variables investigated. To test the fit of the model, the regression equation and determination coefficient (R 2 ) were calculated and acceptance was based on high to very high coefficients of correlation (R 2 ). The second order response surface representing the flank wear (VBc) can be expressed as a function of cutting parameters such as v, f and t. The relationship between the surface roughness and machining parameters has been expressed as follows: VBc = -0.38762 + 0.000132 v + 0.063475 f + 0.008296 t + 0.0000 v 2 + 0.022222 f 2 -0.000156 t 2 + 0.002 vf + 0.000025 vt + 0.008097 ft R 2 = 98 %, R 2 (adj) = 96.8%
Analysis of variance has been performed to judge the significance of regression terms for adequacy of model. Result of ANOVA for the response function flank wear model is shown in Table 3 . This analysis is carried out for a level of confidence of 95%. Models are developed using uncoded units. If the p-value in ANOVA table is less than 0.05 then the model, the factors, interaction of factors and curvature are said to be significant. However, the calculated coefficients of the model equation need to be tested for statistical significance. Regression, linear and interaction terms are statistically significant because P value is less than 0.05. In addition, the calculated value of F is greater than F table value (2.49) showing significance of regression terms and model. The coefficient of determination is particularly calculated in the analysis of response surface model and higher R 2 (approaches to unity) shows the most significance of model developed.
The RSM model presented high determination coefficient (R 2 = 0.98 close to unity) explaining 98 % of the variability in the response which indicates the goodness of fit for the model and high significance of the model. In our model the adjusted R 2 value is very close to the predicted R 2 . So the predicted R 2 is in reasonable agreement with the adjusted R 2 . It is understood that unnecessary terms are not added in the model. This analysis showed that the prediction model sufficiently explains the relationship between flank wear and the independent variables. Thus the RSM model developed can be effectively used to predict the flank wear during machining hardened EN 24 steel with ceramic insert. From main effect plot (Fig. 3) , it is evident that, machining time is the significant factor affecting flank wear followed by cutting speed and feed. Analysis of variance has also been conducted to judge the significance of process parameter on responses at 95 % confidence level. From ANOVA Table 4 , it is revealed that machining time has the greater influence on flank wear as P-value is less than 0.05 and F calculated value is more than F table value. Cutting speed is the second dominant parameter on flank wear followed by feed. From interaction effect plot (Fig. 4) , it shows that, cutting speed-machining time and feed-machining time are significant. In addition to this, the adequacy of the model is also investigated by the examination of residuals. The residuals are the differences between the observed and the predicted responses and these are examined using the normal probability plots of the residuals. If the model is adequate, the points on the normal probability plots of the residuals should form a straight line. On the other hand, the plots of the residuals versus the predicted response should be structure less, that is, they should contain no obvious patterns. A check on the normal probability plot vs. residuals of RSM model (Fig. 5) shows that the residuals lie reasonably close to a straight line implying that errors are distributed normally and giving support that the terms mentioned in the model are significant. The normal probability plot does not show any outliers at extremes but its standardized residual value was 2.07 i.e. less than 3 which should cause no concern. Also in visualizing the straight line of normal probability plot, more emphasis should be given on the central values than on the extremes. (Fig. 6 ). The residuals between the experiment and predicted value are very less and closely fitted. The response contour plots have been shown in cutting speed-feed plane and cutting speedmachining time plane respectively from which the best optimal combination of cutting parameters for minimum flank wear can be predicted. These response contours can help in the prediction of the flank wear at any zone of the experimental domain. From the contour plots in Fig. 7 and 8, the optimal parametric combination for lowest flank wear has been found to be v1-f1-t1 (i.e. cutting speed at 70 m/min, feed at 0.05 mm/rev and machining time of 5 minute). Both have curvilinear profile in accordance to the quadratic model fitted. Contour plots developed from analysis of results can be used for selecting the process parameters for desired flank wear values. 
Mean of VBc
Conclusions
Based on the above discussions, following conclusions can be drawn.
1. Abrasion and diffusion are found to be dominant wear mechanism in hard machining of EN 24 steel using PVD TiN coated mixed ceramic insert under dry environment.
2. Machining time has the most significance parameter of flank wear followed by cutting speed and feed. Besides, interaction of machining time-cutting speed and machining time-feed are also significant.
3. Flank wear response surface model proposed is significant because of high determination coefficients (R 2 = 0.98 close to unity). The residuals lie reasonably close to a straight line implying that the terms mentioned in the model are significant observed from normal probability plot. 6. This indicates that the developed model can be effectively used to predict the flank wear in the hard turning using mixed ceramic inserts.
